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Background: Autoimmune diseases are leading causes of ill
health and morbidity and have diverse etiology. Two signaling
pathways are key drivers of autoimmune pathology, interferon
and nuclear factor-kB (NF-kB)/RelA, defining the 2 broad
labels of interferonopathies and relopathies. Prior work has
established that genetic loss of function of the NF-kB subunit
RelB leads to autoimmune and inflammatory pathology in mice
and humans.

Objective: We sought to characterize RelB-deficient
autoimmunity by unbiased profiling of the responses of immune
sentinel cells to stimulus and to determine the functional role of
dysregulated gene programs in the RelB-deficient pathology.
Methods: Transcriptomic profiling was performed on
fibroblasts and dendritic cells derived from patients with RelB
deficiency and knockout mice, and transcriptomic responses and
pathology were assessed in mice deficient in both RelB and the
type I interferon receptor.

Results: We found that loss of RelB in patient-derived
fibroblasts and mouse myeloid cells results in elevated induction
of hundreds of interferon-stimulated genes. Removing
hyperexpression of the interferon-stimulated gene program did
not ameliorate the autoimmune pathology of RelB knockout
mice. Instead, we found that RelB suppresses a different set of
inflammatory response genes in a manner that is independent of
interferon signaling but associated with NF-kB binding motifs.
Conclusion: Although transcriptomic profiling would describe
RelB-deficient autoimmune disease as an interferonopathy, the
genetic evidence indicates that the pathology in mice is
interferon-independent. (J Allergy Clin Immunol
2023;152:1261-72.)
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Autoimmune diseases and autoinflammatory diseases are
rapidly expanding categories of immune-related disorders and a
major health concern. Current studies estimate that there are
around 150 lifelong debilitating autoimmune diseases character-
ized by a dysregulation of adaptive immune system and no known
cures, as well as a growing list of 40 genetically described auto-
inflammatory diseases characterized by a dysregulation of the
innate immune system.” These diseases have chronic lifelong
symptoms such as chronic fevers,” arthritis,” inflammatory bowel
disease,’ and hepatic and central nervous system inflammation,®’
among other serious health issues. Our understanding of the role
of chronic inflammation in other human diseases such as cancer,
heart disease, and psychiatric disorders is also growing rapidly.®
Therefore, understanding autoimmune and autoinflammatory dis-
eases is critically important to therapeutically addressing the
growing number of patients with autoimmune and autoinflamma-
tory diseases, as well as other human diseases in which inflamma-
tion plays a key role. Autoinflammatory diseases have recently
been categorized into the following 5 subsets based on underlying
dysregulated mechanisms: inflammasomopathies, interferonopa-
thies, unfolded protein responses/endoplasmic reticulum stress
syndromes, relopathies, and uncategorized.’

Of growing interest are interferonopathies, which are defined
as diseases grouped by mendelian disorders associated with an
upregulation of type I interferon that were first described in
2003'° and later officially categorized and termed.'" Type I inter-
ferons are a class of antiviral, anti-inflammatory proteins first
discovered in 1957 for their ability to induce influenza viral inter-
ference.'” Type I interferons signal in a paracrine and autocrine
manner via the IFN-a/f3 receptor (IFNAR), which comprises 2
subunits, [IFNAR1 and IFNAR2. The interferon receptor has
been shown to be expressed by virtually every nucleated cell of
both hematopoietic and nonhematopoietic origin, and although
some cells are specialized producers of type I interferon, almost
all cells are able to produce type I interferon. 13 After type I inter-
feron binding to the IFNAR receptor, a downstream transcription
factor complex, ISGF3, is formed and induces the expression of
interferon-stimulated genes (ISGs) by binding to their promoter
regions containing interferon-sensitive response elements
(ISREs). Given the broad extent of the interferon signaling
network in human physiology, as one might expect, dysregulation
of interferon signaling leads to a multitude of pathologies
affecting various organs and organ systems. For example,
USPI18"~ mice, which lack a negative regulator of interferon
signaling (ie, UBP43, which leads to elevated levels of conjugates
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Abbreviations used
DC: Dendritic cell
FC: Fold change
GO: Gene Ontology
IFNAR: IFN-a/f receptor
ISG: Interferon-stimulated gene
ISRE: Interferon-sensitive response element
MC: Myeloid cell
M-CSF: Macrophage colony-stimulating factor
MCSF MC: Myeloid cell differentiated with macrophage colony-
stimulating factor
RNA-seq: RNA sequencing
TLR: Toll-like receptor
TSS: Transcription start site
UCLA: University of California, Los Angeles
WT: Wild-type

to ISG15, a potently induced ISGF3 target gene), develop brain
injury accompanied by hydrocephalus and early death, with 50%
such of mice dying at age 4 weeks.'*'> This pathology was also
seen in human patients with ISG15 null mutations, causing death
or seizures in 3 patients.'® Interferonopathies can cause other
harmful effects on the central nervous system, such as epilepsy,
as well as psychomotor retardation in Aicardi-Goutieres syn-
drome,'” and they have also been shown to lead to interstitial
lung disease, arthritis, panniculitis lipodystrophy, necrotizing
vasculitis, bone dysplasia, and early thrombotic events, among
other serious symptoms.'® Importantly, although we can broadly
categorize autoinflammatory diseases into interferonopathies, the
pathologic outcomes and symptoms of diseases within this cate-
gory vary broadly and often have overlapping dysregulation of
various immune-related signaling pathways. Many autoinflam-
matory diseases also share autoimmune disease characteristics
involving dysregulation in both innate and adaptive immunity.
Therefore, understanding the underlying mechanisms and etiol-
ogy of these pathologies in a disease-specific manner is crucial
to effectively tailoring therapeutic approaches for patients with
highly unique genetic lesions.

Recently, pediatric patients with a homozygous null mutation
in the gene encoding the NF-kB subunit RelB were
described.'®' These patients presented a combined immunode-
ficiency phenotype with failure to thrive and a significantly
impaired ability to produce specific antibodies in vivo.”” Interest-
ingly, these patients were also characterized by an autoimmune
pathology presenting as severe autoimmune skin disease and
rheumatoid arthritis involving altered thymic T-cell maturation
with reduced output and production of a skewed T-cell repertoire
with expansion of clones.”' Although defects in the adaptive im-
mune system were found and well described in these studies, the
description of the patient innate immune function was more
limited but appeared to behave normally relative to adaptive im-
mune system, as measured by TNF secretion in patient-derived
monocytes. However, patient-derived fibroblasts, which are key
pathogen-sensing sentinel cells, were revealed to have elevated
TNF-induced RelA DNA-binding activity.”'

Findings in the RelB-null human pathology bore a striking
resemblance to previously reported phenotypes of RelB~~ mice
(multiorgan inflammation, thymic atrophy, reduction of
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thymocytes, and impaired cell-mediated immune response but
normal T- and B-cell development),”> suggesting consistent
mechanisms between human and mouse pathology. In mice, func-
tional adoptive transfer studies identified dendritic cells (DCs),
which are key pathogen-sensing immune sentinel cells, to be
key drivers of the lung inflammatory pathology seen in RelB™~
mice.”” Another study supported these findings by demonstrating
restoration of the thymic atrophy and the numbers of thymic
Foxp3* regulatory T cells in RelB~~ mice after adoptive transfer
of RelB" DCs.”* However, subsequent studies addressing the
autoinflammatory mechanisms that cause immune sentinel cells
to drive the pathology have reported several different mecha-
nisms, and no consensus has emerged.zs 27

We aimed to further understand the mechanistic dysregulation
of RelB-null immune sentinel cells as they contribute to RelB~~
autoinflammatory disease. Given recent reports of elevated
interferon signaling caused by RelB deficiency,”®*” we hypoth-
esized that dysregulation of the interferon pathway may be pre-
sent in RelB-null patient-derived sentinel cells, potentially
implying immediate clinically relevant characterization of the
RelB null pathology as an interferonopathy. Indeed, we found
that loss of RelB in patient-derived fibroblasts and mouse
DCs, but not macrophages, results in elevated expression of
ISGs that is dependent on elevated type I interferon signaling.
To our surprise, however, although the hyperexpression of
ISGs is a prominent aspect of the loss of RelB phenotype, com-
plete ablation of type I interferon signaling in the mouse did not
ameliorate the RelB pathology. We found instead that RelB
directly suppresses a myriad of interferon-independent proin-
flammatory and immune response genes promoting a
cell-intrinsic hyperactivated inflammatory state both in Re/B™~
human fibroblasts and mouse DCs, which in turn are likely
key contributors to the RelB-null autoimmune and autoinflam-
matory pathology.

METHODS
Patient-derived fibroblasts

Total RNA was prepared as described.’’ Strand-specific li-
braries were generated from 200 ng of total RNA by using the
KAPA Stranded mRNA sequencing and Library Preparation
Kit (Illumina, San Diego, Calif). cDNA libraries were single-
end sequenced (50 bp) on an Illumina HiSeq 2000. RNA
sequencing (RNA-seq) reads were trimmed by using cutadapt,
version 1.12,*! to remove low-quality ends and the remaining
adapter sequence. The reads were then aligned on the human
genome (hg38) by using STAR software v2.5.2b.”” The aligned
reads were filtered by using samtools version 1.3.1% to keep
only uniquely aligned reads. Gene expression quantification
was done by using featureCounts, version 1.5.1,”* and GEN-
CODE, version 23, gene annotation.”” Differentially expressed
genes were selected by using edgeR36 with a 4-fold and
0.01 false discovery rate threshold in either wild-type (WT) or
patient samples.

Clustering of differentially expressed genes was done by using
a k-mean method to identify clusters of differentially expressed
genes with similar dynamic profiles. Gene ontology (GO) and
motif analysis were done via HOMER suite by considering
regulatory regions within —4 kb to +1 kb from the transcription
start site (TSS).
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FIG 1. Fibroblasts obtained from a human RelB-null donor show hyperexpression of type | interferon and
interferon-stimulated genes. A, Heatmap of z-scored log, cpm values of all poly(l:C)-induced (10 pg/mL; FC >
4; false discovery rate < 0.01) genes in control fibroblasts or fibroblasts derived from patient 1 (RelB-null)
(740 genes). Each row represents individual genes, and each column is from an individual time point after
stimulation. R1 and R2 are experimental replicates. Red and blue represent distance from the mean log,
cpm value for each gene. B, Top 2 results of known motif analysis results for gene clusters from (A). Motif
analysis considered regions within -4 kb to +1 kb from the TSS. Cluster B did not generate motifs with given
parameters. C, GO results for gene clusters from (A). D, Line graphs of gene expression (log, cpm value) for
Ifn-B, Ifn-\3, and several ISGs during poly(l:C) stimulation (at 0, 2, 4, 8, and 15 hours). Large circle represents
R1, small circle represents R2, red line represents fibroblasts derived from patient 1, large square represents
R1, and small square represents R2. N.A., No motif result.

Mice and bone marrow-derived DCs

WT and transgenic mice were housed in pathogen-free
conditions at the University of California, Los Angeles
(UCLA, Los Angeles, Calif). RelB™~ mice were generated by
breeding RelB*” mice, and IFNAR” " RelB™~ mice were gener-
ated by mating IFNAR” RelB*"~ or IFNAR" " RelB*"~ mice
with each other. All of the mice used for RNA-seq experiments
were between 6 and 12 weeks of age on the day of the experi-
ment. Both male and female mice were used for experiments.
Bone marrow cells were isolated from mouse femurs and
cultured with macrophage colony-stimulating factor (M-CSF)-
containing L929-conditioned medium for bone marrow—
derived macrophages or with 20 ng/mL of GM-CSF and 10
ng/mL of IL-4 to produce bone marrow—derived dendritic cells,
with half the media being replaced on days 3 and 6 as previously
reported.37 Cells were stimulated with CpG (0.1 uM) (ODN
1668; catalog no. tlrl-1668, Invivogen, San Diego, Calif) or

Poly(I1:C) HMW (10 pg/mL) (Invivogen; catalog no. tlrl-pic)
and collected at specified time points in Invitrogen TRIzol re-
agent (catalog no. 15-596-018, Thermo Fisher Scientific Wal-
tham, Mass). RNA was extracted by using the Qiagen RNeasy
Mini Kit (catalog no. 74106, Qiagen Hilden, Germany) as
described.”

Transcriptome profiling

RNA was used for Illumina bead arrays as described”’ and
for RNA-seq as described.™ Briefly, libraries were prepped by
using the KAPA Stranded mRNA-Seq Kit [llumina platform
KR0960, version 3.15, by using 1 pg of RNA per sample
measured with a Qubit 2.0 fluorometer (Thermo Fisher Scien-
tific). Final libraries were checked via agarose gel and multi-
plexed with a maximum of 24 samples per sequencing
reaction. Libraries were sequenced using a Illumina HiSeq
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FIG 2. Loss of RelB in mouse myeloid cells recapitulates hyperexpression of type | interferon and interferon-
stimulated gene programs. A, Heatmap of z-scored mRNA expression of all Pam3CSK4-induced (500 ng/mL;
log FC > 1) genes in WT GM-CSF MCs (425 genes) (upper panel). Motif analysis and GO results for gene clus-
ters from (A). (lower panel). B, Line graphs of mRNA expression during Pam3CSK4 stimulation (at0, 1, 3, 8,
and 24 hours), blue line (circle) represents WT GM-CSF MCs, and red line (square) represents RelB™~ GM-
CSF MCs. C, (top) Heatmap of z-scored mRNA expression of all CPG-induced (0.1 wM; log FC > 1) genes
in WT MCs (415 genes). (bottom) Motif analysis and GO results for gene clusters from (C). D, Line graphs
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3000 with single-end 50-bp reads at the UCLA Technology
Center for Genomics & Bioinformatics.

Bioinformatic analysis

Reads were trimmed using cutadapt® (cutoff ¢ = 20) and
mapped to the mm10 genome. Processed reads showed high-
quality reads and alignment scores. The October 2014 version
of the Ensembl database was used to extract gene annotation
information. Count per minute (cpm) values were generated
using edgeR™ to normalize the raw counts data based on
sequencing depth. To permit fold change (FC) calculations, a
pseudocount of 1 cpm was added. Induced genes were selected
by using a cutoff of log, FC greater than 1 for any stimulated
time point relative to the hour O unstimulated control; tran-
scripts with empty gene names were removed. Data were z-
scored and plotted using the pheatmap R package. Fold differ-
ences of genes within heatmaps were calculated by first calcu-
lating the fold differences for all individual genes between the
genotype of interest and the WT or IFNAR™~ control cpm
value (genotype X) divided by the cpm value (genotype Y)
for each individual time point. Average fold differences were
then calculated by averaging the fold differences of all genes
within each cluster for each individual time point. GO and
motif analysis was done via homer suite with consideration
for regulatory regions within —1 kb to +1 kb from the TSS.
Line graphs of individual genes were generated using Graph-
Pad Prism.

Tissue isolation and fixation

Spleens were isolated from age-matched mice immediately
after they had been humanely killed and subsequently rinsed with
PBS. Excess PBS was removed from the mouse spleens, which
were subsequently weighed. Fixation was done in 10% formal-
dehyde for 46 to 48 hours. Tissue was processed, sectioned, and
hematoxylin and eosin-stained by the UCLA Translational
Pathology Core Laboratory.

Research ethics board approval
All patient studies were approved by the The Hospital for Sick
Children Research Ethics Board (Protocol no. 1000005598).

RESULTS
Fibroblasts obtained from a human RelB-null donor
show hyperexpression of type | interferon and
interferon-stimulated genes

To characterize the transcriptome-wide defects caused by the
loss of RelB, we performed an unbiased differential gene
expression analysis by using fibroblasts obtained from a previously
reported patient with combined immunodeficiency (patient 1) with
an autoimmune disease pathology arising as a consequence of a
rare homozygous mutation in the RelB gene resulting in complete
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loss of the RelB protein and fibroblasts from a healthy close relative
of that patient with homozygous copies of WT RelB (control).”**'
To experimentally model immune stimulation via pattern recogni-
tion receptors that may occur in response to pathogen exposure or
tissue injury, we stimulated fibroblasts with the Toll-like receptor 3
(TLR3) agonist poly(I:C) (10 wg/mL) in replicate. After collecting
RNA at 5 time points (0, 2,4, 8, and 15 hours), we performed whole
transcriptome RNA-seq and bioinformatically identified 740 genes
that were induced with a FC greater than 4 and false discovery rate
less than the 0.01 threshold in either WT replicate samples or repli-
cate samples from patient 1. Applying k-means clustering to the
expression data of these genes, we identified 6 distinct clusters of
differentially expressed genes that were hyperexpressed in patient1
(Fig 1, A). A small proportion of the genes clustered within cluster
A (33 genes) and cluster B (63 genes) but resulted in weak or no
motif enrichment results; however, most genes of the clustered in
hyperexpressed clusters C through F, which were revealed to
have average fold differences in cpm values ranging from 1.6X
and 14X between the fibroblasts from patient 1 and the control fi-
broblasts at any of the measured time points (Fig 1, A and see Table
El in the Online Repository at www.jacionline.org). To identify
potential regulatory features of these genes, we performed a motif
enrichment analysis that considered regions within —4 kb to +1 kb
from the TSS of the regulatory region of each gene. Genes within
the hyperexpressed clusters C (102 genes) and D (175 genes) were
statistically enriched for NF-kB motifs in regulatory regions,
whereas hyperexpressed clusters E (210 genes) and F (157 genes)
were statistically enriched for IRF and ISRE motifs (Fig 1, B). This
analysis suggested 2 major categories of dysregulated genes: ISGs
and NF-kB-regulated genes. To identify potential biologic func-
tions, we performed gene ontology (GO) analysis. Clusters C
and D were associated with terms invoking NF-kB-activating
pathways such as TNF and LPS signaling. Clusters E and F were
associated with terms invoking interferon-inducing pathways,
including type I IFN-a response and type Il IFN-y response (Fig
1, C). Analysis of individual genes within clusters E and F revealed
many hyperexpressed ISGs, including Oasl, Oas2, Ifitl, Ifit2, Mx2,
and Isg20 (Fig 1, D). Given that ISGs may be activated by types I,
I1, and III interferons,’’ we evaluated the expression of interferon
family members. We found Ifnbl and Ifni3 to be hyperexpressed
in fibroblasts derived from patient 1 (Fig 1, D). Together, these
data establish that loss of function of RelB results in hyperinduction
of not only NF-kB-associated genes but also a large ISG expres-
sion program, prompting the question of whether it drives the
described autoimmune/autoinflammatory pathology.

Loss of RelB in mouse myeloid cells recapitulate the
hyperexpression of type | interferon and interferon-
stimulated gene programs observed in patient
fibroblasts

Adoptive transfer studies suggested that myeloid cells (MCs)
play a key role in driving the lethal multiorgan inflammation in
RelB”~ mice.”* We therefore undertook transcriptomic

o
<

of mRNA expression during CpG stimulation (at 0, 1, 3, 8, and 24 hours). Same color key as in (B). E, (/eft)
Heatmap of z-scored mRNA expression of all LPS-induced (log FC > 1) genes in WT or Re/B”~ MCSF MCs
(1,243 unique genes). E, (right) Motif analysis and GO results from gene cluster B. Each row in the heatmaps
represents individual genes, and each column is an individual time point during stimulation. Motif analysis
showing the top statistically significant motif analysis result (known or de novo) considering regions within

-1 kb to +1 kb from the TSS.
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profiling of mouse MCs produced by differentiating WT and
RelB™~ bone marrow cells with GM-CSF + IL-4 or M-CSF,
which generate primarily DCs or macrophages, respectively.“’42
We then stimulated these cells with the TLR1/TLR2 or TLRY ag-
onists Pam3CSK4 (500 ng/mL) or CpG (0.1 uM) over a 24-hour
time course and performed unbiased differential gene expression
analyses followed by k-means clustering. Our analysis of GM-
CSF MCs revealed 425 and 415 genes induced (log FC>1) with
Pam3CSK4 and CpG, respectively. Differential gene expression
analysis revealed clusters of genes that were hyperexpressed
both in a basal state and after Pam3CSK4 or CPG stimulation
(Fig 2, A and B). Pam3CSK4-stimulated genes in hyperexpressed
cluster A (72 genes) showed average fold differences in expres-
sion ranging from 1.5X to 3.9X between RelB™~ and WT GM-
CSF MCs at any of the measured time points (Fig 2, A and
Table E2 in the Online Repository at www.jacionline.org). Like-
wise, CpG-stimulated genes in hyperexpressed cluster C (116
genes) showed average fold differences in expression ranging
from 1.2X to 2.5X between RelB™~ and WT GM-CSF MCs at
any of the measured time points (Fig 2, C and see Table E2),
and they shared 55 of the 72 genes with Pam3CSK4 hyperex-
pressed cluster A. Motif enrichment analysis of hyperexpressed
cluster A in Pam3CSK4-stimulated GM-CSF MCs revealed the
ISRE as the top motif in a statistical enrichment analysis that
considered regions within —1 kb to + 1 kB from the TSS of the reg-
ulatory region of each gene (Fig 2, A [bottom]). Similarly, in CpG-
stimulated GM-CSF MCs, hyperexpressed cluster C also yielded
the ISRE as the top statistically enriched motif (Fig 2, C [bot-
tom]). Furthermore, GO analysis of these clusters revealed ISG-
inducing pathways, IFN-a response and IFN-vy response, as being
among the top terms for both clusters. These data suggested that
hyperexpressed genes in these clusters are ISGs, perhaps elevated
by hyperinduction of interferons in RelB”~ GM-CSF MCs. We
therefore analyzed a set of interferon genes and found Ifnbl to
be elevated, with concurrent hyperexpression of the ISGs Oasl,
Oasl, Oas2, Ifit2, and [fit3 in both Pam3CSK4- and
CPG-stimulated conditions (Fig 2, C and D). Like poly(I:C)-
stimulated RelB-null patient-derived fibroblasts, RelB™”~
GM-CSF MCs stimulated with Pam3CSK4 also revealed a gene
cluster (cluster B) that was hyperexpressed at the late hour 24—
stimulated time point, with an average expression fold difference
of 1.45X between RelB”~ and WT GM-CSF MCs. This cluster
yielded NF-kB as the top result in motif enrichment analysis.
All other clusters in both poly (I:C) and CpG were unchanged,
containing average expression fold differences ranging from
9X to 1.17X between RelB”~ and WT GM-CSF MCs at all
time points (Fig 2, A and C and see Table E2). Next, we asked
whether myeloid cells differentiated with macrophage colony-
stimulating factor (MCSF MCs) showed similar transcriptomic
dysregulation as GM-CSF MCs. We generated MCSF MCs
from RelB”~ and WT control bone marrow and undertook an
analogous analysis following stimulation. We identified 1,243
unique LPS-induced genes (log FC > 1) and performed differen-
tial gene expression analysis. In contrast to our findings with GM-
CSF MCs, our analysis of MCSF MCs revealed no differentially
expressed gene clusters between WT and RelB™~ genotypes, with
all clusters revealing average expression fold differences ranging
from .9X to 1.1X between RelB~~ and WT MCSF MCs at all time
points (Fig 2, E and see Table E2). The lack of expression pheno-
type may be because MCSF MCs show lower levels of RelB
expression than GM-CSF MCs do.”® Together, these results
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indicated that the loss of RelB results in a cell-specific transcrip-
tome phenotype, with PAMP-stimulated GM-CSF MCs showing
broad and pronounced dysregulation of interferons and
interferon-stimulated genes. Given the physiologic importance
of DCs in both innate immunity as cytokine and chemokine pro-
ducers™ and adaptive immunity as antigen-presenting cells***’
as well as their demonstrated involvement in the RelB~" autoin-
flammatory pathology,”>** we proceeded with RelB”~ GM-CSF
MCs as a model system for further studies.

Compound deficiency of the type | interferon
receptor ablates the hyperactivation of the
interferon-stimulated gene program in RelB-
deficient DCs

Although the expression of ISGs is driven primarily by the
transcription factor complex ISGF3 or STAT1 homodimers
(GAF), which are downstream of interferon signaling,“’ many
ISGs also contain NF-kB motifs and have been shown to be regu-
lated by NF-«B.*"** However, the potential role of NF-xkB RelB
in regulating ISGs or other immune response genes remains
largely unknown. Given the hyperexpression of Ifnbl, whether
hyperexpression of ISGs is caused by elevated IFN-f3 signaling
and secondary ISGF3 activation or by interferon-independent
regulatory mechanisms more directly caused by the loss of
RelB remained unclear. To distinguish between these 2 mecha-
nisms, we generated an IFNAR ™ RelB™~ double-mutant mouse,
which results in complete ablation of IFN-f3 signaling and thus
a loss of secondary interferon-dependent gene expression pro-
grams, whereas interferon-independent gene expression remains.
Using bone marrow from double-ITFNAR” RelB™", single-IF-
NAR™ o, single-RelB’/ ~, and WT mice, we produced GM-CSF
MCs and performed RNA-seq followed by differential gene
expression analysis and k-means clustering.

To distinguish between interferon-dependent and interferon-
independent dysregulated responses, we aimed to identify clusters
with hyperexpressed genes shared between RelB™~ and IFNAR™~
RelB”~ GM-CSF MCs and clusters that were not hyperexpressed
in single—IFNAR’/ ~ cells. We therefore first identified 1,123 induced
(log FC > 1) genes upon CpG (0.1 wM) stimulation in WT or
RelB”~ MCs and further filtered for genes that were
hyperexpressed (FC > 1.5) in RelB”~ MCs versus in WT MCs.
We identified 334 genes that met these criteria and then examined
their expression patterns in IFNAR™" and IFNAR™ RelB”~ MCs.
Using k-means clustering on these genes of interest in our analysis,
we identified hyperexpressed cluster A (215), which had average
fold differences ranging from 1.8X to 2.1X between IFNAR™~
RelB”~ MCs relative to WT MCs and 1.4X to 1.6X relative to sin-
gle-IFNAR”"MCs at all observed time points (Fig 3, A and see
Table E3 in the Online Repository at www.jacionline.org), suggest-
ing that these may be genes directly affected by the loss of RelB and
independent of interferon signaling. On the other hand, the induc-
tion of genes in hyperexpressed cluster B (119 genes) was lost in
both IFNAR” RelB”" and single-IFNAR”MCs, having average
cpm FC differences of .6X in both IFNAR RelB™" and IFNAR™~
MCs relative to WT MC:s at the late hour 8—stimulated time point.
These data suggested that genes in this cluster are ISGs and are hy-
perexpressed in RelB”~ owing to elevated IFN-B signaling. Motif
enrichment analysis (within —1 kb to +1 kb from the TSS) of
cluster A genes hyperexpressed specifically in RelB”" and
IFNAR” RelB” mutants revealed NF-kB as the top statistically
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FIG 3. Type | interferon receptor compound deficiency ablates the elevated interferon-stimulated gene
program but reveals other immune response genes suppressed by RelB independent of type | interferon
signaling. A, Heatmap of z-scored cpm value of all Re/lB”~ hyperexpressed genes in WT, RelB™", IFNAR™",
and IFNAR™"RelB”~ MCs. Genes selected for CpG-induced (0.1 uM; log FC > 1) in WT or Re/B”~ MCs and hy-
perexpressed (FC > 1.5) in RelB”~ MCs relative to WT MCs at any time point (334 genes). Each row represents
individual genes, and each column is from an individual time point during stimulation. B, Top known motif
analysis and GO results for gene clusters from (A). C, Line graphs of cpm values for interferon-independent
hyperexpressed genes from cluster A from (A) and genes with similar functions during CpG stimulation (at
0, 1,3, and 8 hours). Dark blue line (closed circle) represents WT GM-CSF MCs, dark red line (closed square)
represents RelB”~ GM-CSF MCs, light blue line (open circle) represents IFNAR™~ GM-CSF MCs, and light red
line (open square) represents IFNAR™-RelB™~ GM-CSF MCs. D, Line graphs of log, cpm values for genes
from cluster A in Fig 3, A and genes with similar functions in patient-derived fibroblasts from Fig 1, A.
Poly(I:C) stimulation (at 0, 2, 4, 8, and 15 hours). Blue line represents control patient-derived fibroblasts.
Large circle represents replicate 1 (R1), small circle represents R2, red line represents fibroblasts derived
from patient 1, large square represents R1, and small square represents R2). Motif analysis considered re-
gions within =1 kb to +1 kb from the TSS. BMDC, Bone marrow-derived cell.
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FIG 4. Ablation of the elevated type | interferon-stimulated gene program does not rescue RelB-null
pathology. A, Representative image of IFNAR”"RelB™" (right) and healthy litter mate (/eft) at 4 weeks of age.
Ruler provided for scale. B, Representative image of spleens from IFNAR”RelB™~ mice (right) and healthy
litter mate (/eft). C, Spleen weights from age-matched WT (solid dark blue), RelB™~ (solid dark red), IFNAR™~
(checkered light blue), IFNAR™ RelB™" (checkered light red), and IFNAR"®'RelB"** (solid light blue) mice. Er-
ror bars indicate SD. Statistical analysis was done by using an unpaired 2-tailed Student ttest. D, Represen-
tative images from histology of spleens from WT, RelB”~, IFNAR™", and IFNAR™"RelB”~ mice demonstrating
loss of white pulp and expansion of red pulp in IFNAR”"RelB™" spleens. White bar is provided for scale (bot-
tom right; 50 um). E, Line graphs of gene expression (expressed as cpm values) for ISGs showing loss of
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enriched motif, and GO analysis revealed the NF-kB-inducing
pathways CD40, TNF, and LPS-signaling among the top terms
(Fig 3, B). As expected, motif enrichment analysis of interferon-
dependent cluster B revealed the ISRE as the top statistically en-
riched motif and GO analysis resulted in the ISG-inducing path-
ways [FN-vy and IFN-S as the top terms (Fig 3, B). Our analysis
of MCs stimulated with poly(I:C) (10 wg/mL) also yielded an
interferon-dependent cluster and interferon-independent cluster
(see Fig El in the Online Repository at www.jacionline.org),
with the interferon-dependent cluster sharing 44 of 82 genes with
the CpG interferon-dependent cluster and the interferon-
independent clusters sharing 58 of 130 genes (see Tables E3 and
E4 in the Online Repository at www.jacionline.org).

These data suggested that although there are ISGs that are
indirectly hyperexpressed by the loss of RelB, genes directly
dysregulated by the loss of RelB are primarily NF-kB—regulated
immune response genes. Analysis of individual genes within the
interferon-independent cluster A and genes with similar
interferon-independent expression patterns revealed a myriad of
NF-kB-regulated proinflammatory genes, including the inflam-
matory chemokines Ccl5 and Ccl22, the costimulatory molecules
Cd80 and Cd86, and the canonic and noncanonic NF-kB—stimu-
lating receptor Cd40, as well as the interferon signaling activators
and p-IRF3 kinases Map3ki4 (NIK), and Ikbke (IKKe)™*" (Fig 3,
(). We found that these genes were also hyperexpressed in IF-
NAR™"RelB™~ MCs after poly (I:C) stimulation (see Fig E2 in
the Online Repository at www.jacionline.org). We then asked
whether these genes might also be hyperexpressed in RelB-null
patient samples; we found 51 of 334 of these genes were hyperex-
pressed in human RelB-null fibroblasts from patient 1 (Fig 3, D).
Together, these data suggest that although the ISG transcriptome
signature is a substantial portion of the hyperexpression in RelB-
null immune sentinel cells, RelB loss also results in hyperexpres-
sion of many immune response genes via interferon-independent
mechanisms.

Ablation of the elevated type | interferon-
stimulated gene program does not rescue RelB-null
pathology

Having established that a significant proportion of the hyperex-
pressed genes associated with RelB loss are due to elevated
interferon signaling, we asked whether these genes cause or
contribute to the inflammatory pathology described for the
RelB”~ mouse. To answer this question, we examined the health
state of RelB”~ and IFNAR™ RelB™~ double-mutant mice, as well
as that of controls. After phenotypic analysis, the 4-week-old /F-
NAR” RelB”~ mouse appeared runted, much smaller than its
healthy heterozygous littermate, and similar to RelB™~ mice™
(Fig 4, A). IFNAR”"RelB™ mice were found to have marked
splenomegaly similar to that of RelB”~ mice™® (Fig 4, B). The
spleens from IFNAR” RelB”~ mice weighed 2.9X and 2.5X
more than the spleens from WT and single-IFNAR ™~ mice, respec-
tively (Fig 4, C). Additionally, histologic analysis of spleens from
IFNAR”"RelB™" mice revealed marked red pulp expansion and a

NAVARRO ET AL 1269

reduction in white pulp, similar to both our observations and prior
reported findings in the RelB~~ mice** (Fig 4, D). Assessment of the
serum cytokine levels of RelB~”~ mice revealed elevated levels of
CXCL10 and IL-6 (P = .051), consistent with previous reports
regarding cytokine levels in the skin and lungs of RelB™" mice,
respectively.z‘%’5 * However, the levels of these elevated cytokines
in the serum were not diminished by IFNAR deletion (see Fig
E3). Together, these data identify 2 unique classes of genes regu-
lated by the NF-«kB subunit RelB in immune sentinel cells relevant
to human pathology: interferon-dependent ISGs and interferon-
independent inflammatory genes. Most importantly, these data
determine clinically relevant findings in understanding which genes
play critical roles in loss of RelB autoinflammatory pathology.
Although we have shown that the loss of RelB indirectly regulates
ISGs via type I interferon signaling, these genes seem to play a su-
perfluous role in critical aspects of the multiorgan inflammation
seen in RelB”~ mice; instead, RelB directly suppresses
interferon-independent genes that are likely the critical drivers of
inflammation by immune sentinel cells. These data inform future
studies for clinical targets in treating loss of RelB and other autoim-
mune and autoinflammatory disorders.

DISCUSSION

Here we have reported a molecular characterization of auto-
inflammatory disease caused by RelB deficiency. Taking an
unbiased approach via transcriptome analysis, we found that
fibroblasts derived from patients with RelB deficiency showed
hyperexpression of IFN-B and ISGs when exposed to the pattern
recognition receptor agonist poly(I:C). This was also seen in
mouse DCs (Fig 2, A) and found to be dependent on signaling
via the type I interferon receptor IFNAR (Figs 1, A and 3, A).
Initially, we expected to provide evidence to categorize the
RelB™" null pathology as an interferonopathy-driven autoinflam-
matory disease, thereby providing a clinically relevant therapeu-
tic target to ameliorate the autoinflammatory pathology.
However, we found that compound knockout IFNAR” " RelB™”~
mice showed no amelioration of critical aspects of the autoinflam-
matory disease characteristic of RelB-deficient mice. Like
RelB™~ mice, compound knockouts remained drastically runted,
presented hunched backs, and had enlarged abdomens.”” Addi-
tionally, no improvement in their organ inflammation, as
measured by splenomegaly or histologic analysis of red and white
pulp, was seen.

Given the pronounced ISG expression signature in RelB-
deficient human fibroblasts and murine DCs, this is a surprising
result. We wondered whether the compound mutant might have
residual ISG expression via STAT1- or IRF3-dependent compen-
satory mechanisms™>>*; however, detailed analysis confirmed
that ISG expression was diminished to baseline or below by the
IFNAR knockout mutation (Fig 4, E). Thus, despite being associ-
ated with a pronounced interferon signature, the pathology in
C57/B16 mice resulting from RelB deficiency is not an interferon-
opathy. However, given that our studies were done with a specific
congenic mouse strain under pathogen-free conditions, we cannot
rule out type I interferon involvement in RelB knockout

d
-

induction in IFNAR™" (light blue open circle) and IFNAR”"RelB™~ (light red open square) mice during CpG
stimulation (at 0, 1, 3, and 8 hours). Dark blue line (closed circle) represents WT GM-CSF MCs, dark red
line (closed square) represents RelB”~ GM-CSF MCs, light blue line (open circle) represents IFNAR™~ GM-
CSF MCs, light red line (open square) represents IFNAR”~RelB™~ GM-CSF MCs.
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pathologies in other genetic backgrounds or in the context of
diverse microbial exposure, which may be relevant to human pa-
thology.”” Additionally, we cannot rule out the potential role of
other classes of interferons, given that our approach was restricted
to deletion of type I interferon signaling.

What may be causing or contributing to the pathology if elevated
ISGs are not? We focused our attention to interferon-independent
genes with levels that remain elevated when IFNAR was also
knocked out. We identified a group of proinflammatory genes
with levels that were elevated in RelB-null patient-derived fibro-
blasts, as well as in murine Re/B~~ DCs. Importantly, this gene clus-
ter remained elevated in DCs derived from IJFNAR™” RelB”~ mice.
Our analysis of this cluster of dysregulated genes revealed the NF-
kB motif as the top motif enriched near the regulatory regions of
these genes. Interestingly, in fibroblasts from patients in a different
family in which RelB expression is reduced but not absent, a cluster
of hyperinduced genes also showed enrichment of the NF-xB
motif,'” which supports the notion that RelB deficiency leads to a
pathology that can be categorized as a relopathy.

These dysregulated genes associated with the RelB relopathy
include the potent proinflammatory chemokines Ccl5 and
Ccl22. CclS is a potent regulator of inflammation and chemo-
taxis, and it is of great therapeutic interest in diseases involving
immune dysregulation such as inflammatory bowel disease,
atherosclerosis, hepatic inflammation, and many cancers.>®
Importantly, Ccl5 is a potent recruiter of T cells into sites of
inflammation, and it can also recruit macrophages, eosinophils,
and basophils.”” Given that MCs reside in all peripheral tis-
sues’® and fibroblasts are found in most tissues of the body,”
Ccl5-hyperexpressing fibroblasts and GM-CSF MCs in
RelB”~ mice and human patients may explain the initial
recruitment of lymphocytes into inflamed organ tissues. MCs
are also professional antigen-presenting cells responsible for
initiating antigen-specific T-cell immunity. T cells require a
secondary costimulation signal after T-cell receptor binding to
become active, of which CD80, CD86, and CD40 are key cos-
timulatory signaling molecules.®”®' The hyperexpression of
CD80, CD86, and CD40 in IFNAR” RelB”~ GM-CSF MCs,
suggests that these cells may exist in an intrinsic autoinflamma-
tory state that may hyperactivate T-cell-mediated immune
response at sites of inflammation in RelB”~ mice. This is
consistent with findings in RelB-null human patients of high
peripheral T-cell numbers with clonally expanded populations,
as shown by T-cell receptor—Vb analysis,z()’21 along with previ-
ous reports demonstrating that the multiorgan inflammation,
myeloid hyperplasia, and inflammatory skin lesions are T-
cell-dependent mechanisms in RelB™™ mice.’>% In addition,
the cluster of interferon-independent RelB~”~ dysregulated
genes included Ilkbke and the noncanonic NF-kB activator
Map3ki4, both of which are established type I interferon in-
ducers,”"®" prompting the question of whether they might
contribute to the onset of interferon dysregulation. However,
because our data indicated that the type I interferon ISG
expression program is not contributing to the autoinflammatory
pathology, this question was not pursued further.

In clinical settings, hyperexpression of ISGs, a hallmark of
interferonopathies, has been associated with hepatosplenome-
galy, meningoencephalitis, interstitial lung disease, recurrent
unexplained fever, inflammatory organ damage, high mortality,
and autoimmune characteristics,'*-°°> some of which are symp-
toms seen in the RelB” pathology. Clinical diagnosis of
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interferonopathies relies on an “interferon score” obtained by
measuring the expression of a panel of interferon-stimulated
genes,”® a type I interferon response gene score, cytokine
profiling, clinical phenotyping, or next-generation sequencing.”
Testing of therapeutic targets along the interferon axis in many
human trials showed moderate success with mAbs against [IFNAR
in treating systemic lupus erythematosus (SLE),"” a well-
characterized interferonopathy.®® However, patient response rates
remained less than 50%, and many other clinical anti-interferon
trials have produced mixed results.®* In the mouse, lupus models
have a higher level of success with anti-IFNAR antibody therapy,
extending survival from approximately 20% in controls to
approximately 70% with treatment®” and thus raising the question
of what may account for the large variation in response to anti-
interferon therapy.

Interestingly, in multiple studies, patients with SLE have also
been characterized as having A20 haploinsufficiency, an auto-
inflammatory relopathy presenting with systemic inflammation and
increased NF-k B-mediated proinflammatory cytokines’*’"; how-
ever, these studies did not test for an interferon signature.
A separate study characterizing 30 patients with mutations in the
TNFAIP3 gene (encoding A20) and 8 other clinically diagnosed pa-
tients with A20 haploinsufficiency showed that many of these pa-
tients were previously diagnosed with diseases associated with
interferonopathies and other inflammatory mechanisms such as
SLE, autoimmune hepatitis, and juvenile idiopathic arthritis.”*”*

Our studies presented here and by Sharfe et al'’ indicate that
in RelB-deficient autoimmunity a presentation of interferonop-
athy is secondary to relopathy-type autoinflammatory mecha-
nisms, establishing a hierarchic relationship. Although prior
molecular characterization of human monogenic or polygenic
pathologies suggests similarities to RelB deficiency in the pre-
sentation of the pathology, whether the described molecular
mechanisms and hierarchy apply remains unclear. Yet, these
findings may provide a potential explanation for the lack of
response by patients with interferonopathy to therapeutics that
target the interferon axis.”> In sum, our findings emphasize
the fact that a presentation of interferonopathy does not neces-
sarily render the interferon pathway an effective drug target, and
they underscore the need for continued characterization of NF-
kB-driven autoinflammatory mechanisms to develop effective
therapies for relopathies.
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Key messages

e Human and mouse NF-kB RelB deficiency leads to multi-
organ autoimmune pathology.

e Unbiased profiling of patient-derived fibroblasts reveals a

broad interferon gene signature that is also present in
RelB knockout mouse DCs.

e Compound deficiency of the interferon type I receptor
completely ablates this gene program but does not
diminish RelB knockout autoimmune pathology, ruling
out interferonopathy.
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